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ABSTRACT 
JONATHON F. SYREK: Tectonic and Climatic Influences on Bedrock Channels 
Traversing the Central Andes, Bolivia 
(Under the direction of Jason B. Barnes) 
 
 
I combine rock strength variations estimated from field data and topographic 
analyses of 252 channels across the semiarid southern Bolivian Andes to investigate the 
role of tectonics on knickpoint formation and bedrock channel steepness patterns. Sixty 
percent (17 of 29) of knickpoints along 4 trunk rivers are spatially correlated with a rock 
unit transition. Seventy-seven percent (10 of 13) of identifiable knickpoint morphologies 
(vertical-step versus slope-break) that correlate with a rock unit change match a recently 
published theoretical framework. Knickpoints in southern Bolivia are only small-scale, 
local features. Larger, regional steepness patterns are not simply correlated to rock 
strength, but instead I argue they are primarily influenced by the fold-thrust belt 
architecture and associated active rock uplift patterns dictated by large-scale basement 
deformation. In contrast, rivers in northern Bolivia possess more systematic downstream 
decreases in channel steepness and high profile concavities that reflect strong influences 
from enhanced orographic precipitation.
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 CHAPTER 1 
INTRODUCTION 
 
Active mountain landscapes are constantly evolving features. In these settings, 
tectonics, climate, and erosion combine to shape orogen topography that can result in a 
dynamic coupling between these processes (Stolar et al., 2006; Whipple, 2009; Willett, 
1999). Perhaps as a result, the alpine topography itself is thought to reflect the 
spatiotemporal patterns of differential rock uplift and climate (Wobus et al., 2006a and 
references therein). It is river incision into rock that dictates the manner and rate at which 
mountain topography changes (e.g., Kirby and Whipple, in review; Seidl and Dietrich, 
1992; Tinkler and Wohl, 1998; Whipple et al., in review). This is because river channels 
set the relief patterns, are the most efficient mechanisms for transmitting signals of 
tectonic and climatic change throughout the landscape, and set the boundary conditions 
for hillslope processes (Whipple and Tucker, 1999). In unglaciated regions devoid of 
variations in geologic structure, faulting, rock strength, precipitation, rock uplift rate, and 
sediment flux, bedrock rivers retain smooth, concave up longitudinal profiles (Whipple 
and Tucker, 1999). However, all mountains contain some of these variations, causing 
channels to deviate from this idealized form and develop local convexities called 
knickpoints (e.g., VanLaningham et al., 2006; Walsh et al., 2012; Whipple and Tucker, 
1999) or irregular changes in gradient downstream (e.g., Duvall et al., 2004; Whittaker, 
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2012). Emerging theory suggests that the specific form of a knickpoint can be used to 
identify the driving force behind it (Haviv et al., 2010; Whipple et al., in review). 
Patterns of bedrock river gradients can be a useful tool for ‘reading’ the patterns 
and rates of rock uplift (e.g., Wobus et al., 2006a). However, the channel gradient 
response to spatiotemporal changes in rock strength and climate must first be removed to 
isolate this tectonic uplift rate signal. The central Andes are characterized by significant 
variations in rock strength, fold-thrust belt structure, and orographic climate patterns 
(Allmendinger et al., 1997; Horton, 1999; Isacks, 1988; Masek et al., 1994; Montgomery 
et al., 2001; Norton and Schlunegger, 2011; Schlunegger et al., 2011). In particular, the 
semiarid climate south of the Bolivian orocline is well suited to investigate the principal 
effects of across-strike variations in fold-thrust belt architecture (patterns of rock 
deformation, age, and type) on bedrock river form. Furthermore, minor changes in the 
mechanical strength of the rocks (McQuarrie and Davis, 2002) suggest limited variation 
in erodibility within the rock units exposed along strike of the orogen. 
The purpose of this paper is to determine the primary controls on local-to-regional 
scale channel steepness patterns along the eastern flank of the semiarid southern Bolivian 
Andes. I hypothesize that, since rainfall is reduced, substrate changes cause knickpoints 
on a local scale (10 m-1 km) and that the thrust belt kinematics, via long-lived rock uplift 
patterns, affect the regional steepness patterns on the 10 km or larger scale. To test this 
hypothesis, I (1) quantify bedrock strength with field measurements as proxies for 
erodibility, (2) determine the location, size, and specific morphology of the major 
knickpoints along the main stem rivers, (3) analyze long profiles of 252 rivers to map the 
regional channel steepness patterns, and (4) relate these observations to the fold-thrust 
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belt structure. Where knickpoint form and cause (via spatial correlation) are identifiable, I 
use this data to evaluate a recent theoretical framework that predicts the cause of 
knickpoint formation from its morphology. Finally, I compare my results to channel 
steepness patterns in subtropical, northern Bolivia to assess effects of orographically 
enhanced rainfall versus tectonics on channel form. 
 CHAPTER 2 
BEDROCK RIVER MORPHOLOGY 
 
Rivers typically follow a power-law scaling between local channel slope (S) and 
contributing drainage area (A) (Fig. 1A inset; Flint, 1974; Hack, 1957; Howard and 
Kerby, 1983; Whipple and Tucker, 1999): 
S=ksA
-θ
, (1) 
where ks is the channel steepness index and θ the concavity index. The channel steepness 
index is local channel slope normalized to downstream increases in drainage area. This 
normalization allows for direct comparison of gradients between river reaches with 
different drainage areas. However, variations in θ can influence the value of ks found 
from a linear regression of log S vs. log A data (Sklar and Dietrich, 1998). To eliminate 
this autocorrelation, a reference concavity (θref) is used to produce a normalized channel 
steepness index (ksn) (Wobus et al., 2006a). This effectively corrects slope for its 
dependence on drainage area (Whipple et al., in review). In a steady state landscape, ksn is 
expected to vary with rock strength, rock uplift rate, and climate. For example, there is an 
observed positive correlation between ksn and rock uplift rate (Kirby and Whipple, 2001; 
Kirby et al., 2003; Lague and Davy, 2003; Ouimet et al., 2009; Wobus et al., 2006b), and 
a negative correlation between ksn and mean annual precipitation (Norton and 
Schlunegger, 2011). Moreover, some evidence suggests a positive correlation between 
rock strength and ksn (e.g., Duvall et al., 2004), yet many studies show no measureable 
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influence of rock strength on ksn (Johnson et al., 2009; Kirby and Ouimet, 2011; Safran et 
al., 2005; Schlunegger et al., 2011; van der Beek and Bishop, 2003). 
A knickpoint is a deviation from the typical power law slope-area scaling in 
rivers, defined as a distinct inflection point on a long profile followed by a locally high-
gradient reach between lower gradients both upstream and downstream of the knickpoint 
(Burbank and Anderson, 2011; Schoenbohm et al., 2004; Walsh et al., 2012; Whipple and 
Tucker, 1999). The formation of knickpoints and their upstream migration has been 
attributed to changes in lithology (Duvall et al., 2004; Snyder et al., 2003), rock uplift 
rate (Cyr et al., 2010; Karlstrom et al., 2012; Kirby et al., 2003; Snyder et al., 2000), 
precipitation (Norton and Schlunegger, 2011; Roe et al., 2002), or increased sediment 
input to the channel (Walsh et al., 2012). Knickpoints commonly take two distinct forms 
dependent upon the nature of the cause and the river incision mechanics (Whipple et al., 
in review). These two different knickpoint types, slope break and vertical step, can be 
identified in plots of local channel slope versus drainage area (Figs. 1B and 1C; Haviv et 
al., 2010; Whipple et al., in review). Vertical-step knickpoints are local, discrete increases 
in channel gradient that are recognized as spikes in S-A plots (Fig. 1B; e.g., Goldrick and 
Bishop, 2007). Stationary vertical-step knickpoints are caused by a change in substrate 
strength (Whipple et al., in review). Channels locally steepen to erode at the same rate as 
above the knickpoint. Other vertical-step knickpoints migrate upstream, forming from a 
discrete baselevel fall caused by stream capture, sea level fall, or a rock uplift pulse 
(Whipple et al., in review). The upstream propagating incision wave lowers the profile to 
a new baselevel without a change in ksn. In contrast, a slope-break knickpoint is defined 
as a permanent, extensive change in channel gradient that separates reaches with different 
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ksn and is recognized on S-A plots as a permanent upward step (Fig. 1C; e.g., Wobus et 
al., 2006a). A slope-break knickpoint forms where a river crosses an active fault or a 
transition in rock uplift rate. The knickpoint remains anchored in place while the 
contrasting uplift rates remain constant. In addition, slope-break knickpoints form at a 
contact between different lithologies when the more resistant lithology is spatially 
extensive. Incision into extensive, stronger rocks downstream typically requires higher 
equilibrium slopes. Slope-break knickpoints become mobile when tectonic activity on a 
structure ceases or abruptly increases (see Whipple et al., in review; Wobus et al., 2006a). 
Spatiotemporal variations in climate can also affect river long profiles (Fig. 1D; 
e.g., DiBiase and Whipple, 2011; Roe et al., 2002; Wobus et al., 2010). For graded 
streams, large concavity values (>1) occur where precipitation rates increase 
downstream (Roe et al., 2002; Schlunegger et al., 2011). Channels respond to orographic 
precipitation by forming a zone of increased θ, in some cases initiating a tectonic 
response to increased incision (Fig. 1D). This potential feedback causes the headwater 
reaches to form high ksn during headwater retreat (Schlunegger et al., 2011). 
 CHAPTER 3 
THE BOLIVIAN ANDES 
 
The Andes span the entire western margin of South America and exhibit a sharp 
bend near their widest point at ~18°S (Fig. 2; Isacks, 1988). South of the bend, the 
eastern Andean flank is a fold-thrust belt that descends from ~5000 m to <300 m over 
~400 km distance. In Bolivia, the fold-thrust belt is shortened ~326 km and divided into 3 
distinct tectonomorphic zones defined by downward steps in mean elevation and upward 
steps in structural level of exposure (Figs. 2 and 3; Kley et al., 1996; McQuarrie, 2002): 
The Eastern Cordillera (EC) is comprised of Paleozoic quartzite, weakly metamorphosed 
sandstone, and shale with minor Tertiary volcanics. EC cover rocks are shortened ~122 
km and spacing between thrust sheets averages ~9 km. The Interandean zone (IA) is 
primarily tightly folded Devonian and Carboniferous sandstone with minor shale and 
siltstone. Total shortening in the IA is ~96 km with average spacing between thrust sheets 
~6 km. The Subandes (SA) contain mostly Carboniferous, Triassic, and Cretaceous 
sandstone uplifted along narrow (~1-5 km) thrust sheets, separated by Tertiary 
synorogenic sediments in broad, large wavelength (10-20 km) piggyback basins. 
Basement deformation is significant within the Bolivian fold-thrust belt and 
compliments the exposed deformation in the cover rocks (e.g., Dunn et al., 1995; Elger et 
al., 2005; Kley, 1999). The large-scale structural and morphological variations across the 
thrust belt (EC-IA-SA) have been explained by the stacking of two major basement 
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structures (Fig. 3; Kley, 1996; McQuarrie, 2002; McQuarrie et al., 2005; Müller et al., 
2002). Elevated basement in the EC inferred from magnetotelluric data results from the 
eastward propagation of an upper basement thrust that fed deformation into the cover 
rocks (Kley, 1999; Kley et al., 1996; McQuarrie and DeCelles, 2001; Schmitz and Kley, 
1997). More recently, movement on a lower basement structure initiated passive uplift of 
the EC and IA and currently feeds deformation to the SA thrust sheets (Kley et al., 1996). 
Deformation and exhumation began ~40 Ma in the EC, ~20 Ma in the IA, and ~15-10 Ma 
in the SA (e.g., Barnes and Ehlers, 2009; Ege et al., 2007; McQuarrie, 2002; McQuarrie 
et al., 2005). Thus, the uplifted thrust-sheet hanging walls in the SA are the only surface 
structures that are active in the thrust belt over the last ~10 Myrs. 
In southern Bolivia, the Grande, Parapeti, and Pilcomayo Basins and their channel 
networks transport water and sediment eastward across the fold-thrust belt to the foreland 
(Fig. 2; Barnes and Pelletier, 2006). The channels are bedrock or mixed bedrock-
alluvium with variable gradients and discharge. They also traverse orographic 
precipitation gradients across the central Andes that vary significantly with latitude (Fig. 
2 inset; Garreaud and Wallace, 1997). In southern Bolivia, mean rainfall peaks at ~2 m/yr 
in the IA and decreases to <1 m/yr in the SA and to ≤0.1 m/yr in the EC (Fig. 2 inset; 
Bookhagen and Strecker, 2008). This moderate climate may help explain partial 
preservation of an extensive, subhorizontal, low-relief surface (the San Juan del Oro) at 
~3800-2000 m elevations in the EC-IA that truncates deformed Paleozoic to Cenozoic 
bedrock (Gubbels et al., 1993; Kennan et al., 1995; 1997). In contrast, an enhanced 
latitudinal and orographic precipitation gradient produces mean rainfall peaks up to ~5 
m/yr north of the orocline in the Upper Beni Basin. Here, perhaps as a result, a few 
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channel systems (e.g., Río La Paz) have cut headward through the EC and into the 
plateau, pushing the drainage divide to the west. 
 CHAPTER 4 
METHODS 
 
Rock Strength 
Several factors can influence the resistance of substrate to erosion, an important 
element in river incision, including rock hardness (strength) and fracture spacing (Duvall 
et al., 2004; Hack, 1957; Sklar and Dietrich, 2001; Stock and Montgomery, 1999; 
Whipple et al., 2000a; Whipple et al., 2000b). I quantified both metrics in the field as a 
proxy for rock erodibility (after Dühnforth et al., 2010; Goudie, 2006; Katz et al., 2000). 
Schmidt hammer rebound (R) values are comparable to the unconfined compressive 
strength estimated from laboratory experiments (Selby, 1980). I collected 2829 Schmidt 
hammer measurements (~40 per site) at 71 sites from all major rock units exposed in the 
southern basins (Fig. 2). Measurements that yielded a hollow sound, fractured the rock, 
or recorded an R value <11 were eliminated (after Duvall et al., 2004; Kirby et al., 2003). 
I did not correct for hammer inclination because these deviations are negligible in 
comparison to the variability associated with the measurements themselves (Snyder et al., 
2003b). Within each major geologic unit (e.g., Ordovician, Silurian), I divided site 
measurements equally among the different exposed lithologies to define a representative 
hardness value. I report a mean R value (± 1σ) averaged over n sites from each rock unit 
(after Katz et al., 2000) (Table 1; details in Appendix).
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The degree of fracturing also influences substrate strength (Clarke and Burbank, 
2011; Dühnforth et al., 2010; Duvall et al., 2004; Whipple, 2004) because fractures 
enhance rock surface area exposed to weathering and dissolution, weakening rock (Selby, 
1980). I measured fracture spacing using scan lines (after Brooks et al., 1996; Dühnforth 
et al., 2010; Gillespie et al., 1993) and defined any crack, fault, or bedding plane that 
crossed the line at a near-perpendicular angle as a fracture. I measured fractures along 4 
scan lines of ~1 m each at every site. In most cases, half of the scan lines were measured 
perpendicular to bedding and half parallel to bedding. 
 
Channel Morphology 
I extracted channel slope and drainage area from the hydrologically-conditioned 
~90 m Shuttle Radar Topography Mission (USGS HydroSHEDS SRTM) digital 
elevation model (DEM) dataset (Lehner et al., 2008) with an ArcGIS stream profiler 
plugin and suite of Matlab scripts (see Kirby et al., 2003; Snyder et al., 2000; Wobus et 
al., 2006a). I then applied standard sampling and filtering techniques to the DEM and 
used a θref = 0.45 for comparison with previous studies (e.g., Safran et al., 2005; details in 
Appendix). 
Bedrock rivers are channels that incise rock over geologic timescales, even if 
temporarily covered in alluvium (Whipple et al., in review), which is the case for many 
channels in southern Bolivia. I focused on the regional,
 
first-order patterns of bedrock 
river morphology across the region and hence limited my analysis to channels with 
drainage areas >150 km
2
 (252 rivers in southern Bolivia). I then identified the large 
(>200 m0.9 in ksn) knickpoints unassociated with tributary junctions along the 4 main 
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stem southern rivers (Fig. 2: Ríos Grande, Pilcomayo, Pilaya, and Parapeti) and 
compared them to a 1:1,000,000-scale geologic map (Armijo et al., 1996) to determine if 
they are associated with any type of substrate change and/or fault. Where possible, they 
were also classified as vertical-step or slope-break knickpoints dependent upon their form 
in S-A plots (after Figs. 1B and 1C). Finally, I compared regional steepness (ksn) patterns 
to the tectonic architecture, kinematics, and climate of the thrust belt. 
 CHAPTER 5 
RESULTS 
 
Rock Strength 
Schmidt hammer measurements show rock hardness does not correlate with age, 
yet there are significant differences within and between the major mapped rock units 
(Fig. 4, Table 1). The data suggest 2 distinct groups (vertical lines in Fig. 4): a ‘hard’ 
group that includes the Devonian, Cretaceous, and Ordovician quartzite and sandstone 
units (mean R = 52 ± 6), and a ‘soft’ group that includes the other Ordovician subset 
(shale/slate/siltstone), Silurian, Carboniferous, Triassic, and Tertiary units (mean R = 36 
± 4). In detail, the Devonian rocks are the strongest (R = 55 ± 7) and Ordovician shale, 
slate, and siltstones are the weakest (R = 27 ± 10). 
Fracture measurements show that (a) spacing inversely correlates with rock unit 
age and (b) there are 3 statistically different classes: low, moderate, and high mean 
fracture spacing (vertical lines in Fig. 4, Table 1). I included bedding planes in the 
fracture spacing measurements such that the fracture spacing reflects the combined result 
of average bed thickness and degree of strain for each rock unit. The Ordovician, 
Silurian, and Devonian units have low spacing (mean 3 ± 1 cm), the Carboniferous, 
Cretaceous, and Tertiary sedimentary units moderate spacing (14 ± 2 cm), and the 
Triassic and Tertiary volcanic units high spacing (60 ± 10 cm). I assigned a minimum 
spacing of 100 cm to 2 Triassic sites of massive sandstones devoid of fractures. I 
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expected a positive correlation between fracture spacing and rock hardness (after 
Stimpson, 1980), but my results do not show this (Fig. 5). 
The combined fracture spacing and Schmidt hammer data suggest the rock units 
can be put into 2 rock strength groups, a proxy for rock erodibility (after Selby, 1980). 
The weaker rocks are the Ordovician shale, slate, and siltstone and the Silurian, 
Carboniferous, and Tertiary sediments. The stronger rocks are the Ordovician quartzite, 
Devonian, Triassic, and Cretaceous sediments, and Tertiary volcanics. These collective 
results suggest no systematic variation in strength across strike or with rock age. 
 
Knickpoints 
Many (29) large knickpoints exist along the 4 principal rivers traversing the 
southern basins. Sixty-two percent (18 of 29) of them correlate with a rock unit contact 
and 52% (15 of 29) correlate with a mapped fault. Only 17% (5 of 29) of the knickpoints 
correlate with a fault and no rock unit contact. Along the Río Yurimata (Río Pilcomayo 
tributary), a knickpoint correlates with a thin (~4 km), fault-bounded section of strong 
Cretaceous sandstone between weak Ordovician slate upstream and downstream (Fig. 6). 
The Cretaceous sandstone correlates with a river profile convexity and a steepened reach 
(dashed line in Fig. 6B). Here, large (1-5 m) sandstone boulders are the primary bedload 
size of the steepened reach within the Cretaceous and then reduce to cobbles and smaller 
within the Silurian sediments (Fig. 6A). The Río Grande has 9 knickpoints and 5 of them 
correspond to rock unit contacts (Fig. 6A). Three of the 5 knickpoints are in the IA, 
including the maximum ksn, aligned with a transition between Silurian rock and 
Ordovician quartzite. Five of 9 knickpoints also correlate with a fault, including 2 not at a 
15 
rock unit contact. The largest knickpoint reaches a ksn near 600 m
0.9
 (1 in Fig. 7A). The 
Río Parapeti flows almost entirely within the SA, crossing multiple uplifted thrust sheets. 
There are 4 knickpoints, 3 correlate with rock unit contacts and 3 with mapped faults. 
Two of 4 are knickpoints that correspond with uplifted thrust sheets. The Río Pilcomayo 
has 11 knickpoints, 8 of which correspond to rock unit contacts (Fig. 7B) and 4 of the 11 
with a fault. Only 1 knickpoint at a fault is not near a rock unit contact. Most (7) of the 
knickpoints are in the EC, of which 4 occur at a contact with Ordovician rock. Maximum 
ksn on the Río Pilcomayo is >800 m
0.9
 at an Ordovician-Silurian contact in the IA, and 
remains high throughout the Silurian unit (2 in Fig. 7B). Farther south, the Río Pilaya has 
5 knickpoints upstream of its confluence with the Río Pilcomayo. Two knickpoints 
correspond to rock unit contacts and 3 with faults. The 2 knickpoints correlated with rock 
unit contacts are in the EC and both are at thrust faults. One corresponds with the edge of 
the Los Frailes ignimbrites and the other with a thin, isolated Cretaceous unit (km 40 & 
140; Fig. 7C). 
About half (13 of 25) of the knickpoints are distinct enough to be classified as 
slope break or vertical step in form. Three knickpoints on the Río Grande are distinct 
(arrows in Fig. 7A). The first 2 are slope-break knickpoints at a rock unit contact (km 90 
and 360; Fig. 7A) where the downstream unit is spatially extensive and both are also at 
thrust faults. The third is a vertical-step knickpoint at a rock unit contact where the 
weaker Ordovician section is extensive (~5 km). There are 7 distinct knickpoints on the 
Río Pilcomayo (arrows in Fig. 7B): 3 are vertical step, 2 of which correspond to rock unit 
contacts and 1 of those also at a fault. The other is at neither a rock unit contact nor a 
surface fault. The other 4 are slope-break knickpoints that all coincide with rock unit 
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contacts and 2 of which are also at faults. On the Río Pilaya, 3 knickpoint forms are 
identifiable (arrows in Fig. 7C). The first is a slope break that is located on a rock unit 
contact between the Los Frailes ignimbrites and an extensive Silurian section 
downstream. Another is a vertical-step knickpoint (at km 140 in Fig. 7C) at a fault-
bounded, thin Cretaceous section between locally stronger Ordovician rocks. The third is 
a slope-break knickpoint upstream of a section of high ksn (>3500 m
0.9
) within the 
Ordovician. Other knickpoints are identifiable in S-A plots, but the data is too coarse to 
accurately assess their form. Knickpoints occur regardless of whether weak or strong 
rock is downstream of the knickpoint because any change in substrate requires a change 
in equilibrium grade. I conclude that 5 of 6 slope-break knickpoints and 3 vertical-step 
knickpoints are related to a lithologic contact. It is also possible that 4 slope-break 
knickpoints and 2 vertical-step knickpoints are related to mapped faults. 
The largest knickpoint (~35 km in length) is on the Río Pilaya and is not related to 
a major rock unit change (3 in Fig. 7C). Here the river traverses interbedded Ordovician 
slate and quartzite. The lower end of the knickpoint occurs ~50 km downstream of the 
San Juan del Oro tributary junction and ~15 km west of the EC-IA boundary (3 in Fig. 8). 
Channel elevation drops ~1 km with maximum ksn ~3500 m
0.9
 and mean ksn ~720 m
0.9
 
throughout the knickpoint. 
 
Regional Steepness Patterns 
A ksn map reveals large-scale (10
1-2
 km) patterns of channel steepness for 252 
rivers across southern Bolivia (Fig. 8, Table 1). I identify 3 main zones of channel 
steepness: (1) a zone of low ksn throughout most of the EC, transitioning to (2) a N-S 
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zone (~90 wide) of high ksn that roughly follows the easternmost EC and entire IA and 
widens to ~200 km in the northern Grande Basin, and (3) a low-ksn zone south of the Río 
Grande in the SA. Most rivers in the SA flow within piggyback basins and reveal few 
perturbations to a graded profile. Locally steepened reaches correspond to rivers flowing 
across strike over uplifted thrust-sheet hanging walls that also expose mostly pre-Tertiary 
rocks. 
I compared mean ksn and estimated the strength for each rock unit to evaluate the 
effect of rock erodibility on regional ksn patterns (Table 1). I expected rock strength to be 
positively correlated with ksn (e.g., Duvall et al., 2004) because the majority of steep 
reaches occur within strong Devonian rock. For strong rock, the stream must steepen to 
increase its stream power, and hence its ability to incise (e.g., Whipple, 2004). However, 
my results show mean steepness indices are the same within error for every major 
mapped rock unit (Fig. 9), revealing rock strength is not a factor at regional (10
1-2
 km) 
scales in southern Bolivia, similar to other studies (e.g., Kirby and Ouimet, 2011; 
Schlunegger et al., 2011). 
 CHAPTER 6 
DISCUSSION 
 
Knickpoint Form and Cause 
Most knickpoints can be explained by a lithologic change (~62%) and/or a fault 
(~52%). This suggests that the tectonic architecture of the thrust belt imparts the largest 
influence on channel morphologies draining the eastern Andean flank in southern 
Bolivia. However, 7 additional knickpoints do not correlate with either feature, but this 
does not eliminate the possibility they result from faulting or a lithologic change. For 
example, these knickpoints may result from strength variations within a single rock unit 
at a scale smaller than the mapped geology. Second, these knickpoints could be 
migratory, in which case the cause (e.g. baselevel change) may be located downstream. 
Given the structural complexity of the thrust belt and the transient nature of channel 
steepness variations, I consider the channels to be significantly influenced by the thrust 
belt architecture because >50% of knickpoints in southern Bolivia can be directly related 
to tectonic discontinuities. The geomorphic implication is that local-scale, abrupt changes 
in channel gradients will continue to reflect substrate changes in fold-thrust belts long 
after the surface deformation has ceased (~10 Ma or more in the EC and IA). 
Most (77%) of the large knickpoints I identified corroborate recently proposed 
theory that links form and cause (Figs. 1 and 7; Haviv et al., 2010). All 6 knickpoints (4 
slope break, 2 vertical step) on the Ríos Grande and Pilaya, where knickpoint form is 
19 
identifiable, match the theory. Along the Río Pilcomayo, on the other hand, 3 of 7 
knickpoints do not agree with the theory. Although it is unclear why, I note uncertainties 
may result from inaccuracies on the geologic map or misinterpretation of knickpoints due 
to DEM artifacts. Slope-break knickpoints are thought to form where the stronger unit is 
extensive and vertical-step knickpoints are thought to form along small, local patches of 
stronger units (Whipple et al., in review). The slope-break knickpoints I observe coincide 
with where the stronger units are ≥5 km wide; however, there is no definition quantifying 
the length scale for a rock unit to be considered extensive. I expect this boundary to 
fluctuate dependent upon the contrast in rock strength at the contact and external forces 
(e.g., climate, tectonics, and sediment flux). Regardless, this study provides validation for 
the relationship between knickpoint morphology and cause (Haviv et al., 2010; Whipple 
et al., in review). 
 
Regional Steepness (ksn) and Rock Uplift Patterns 
Mean ksn patterns show no correlation with rock strength at large (10
1-2
 km) length 
scales in southern Bolivia (Fig. 9), suggesting minimal influence on regional-scale ksn 
patterns. The narrow, high-ksn zone is primarily within the IA and parallels the fold-thrust 
belt structure along strike (Fig. 8). Two reaches with the highest ksn are both ~20 km west 
of the EC-IA boundary (2 and 3 in Fig. 8). The relatively high-relief IA receives locally 
high precipitation (up to ~2 m/yr; Fig. 2 inset) and thus I might expect to see increased 
concavity as well (Roe et al., 2002; Zaprowski et al., 2005). However, rivers crossing the 
high-ksn zone possess below average concavities relative to rivers in northern Bolivia. 
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These observations thus suggest some other type of tectonic influence besides substrate 
change, such as differential rock uplift rate. 
On the SW corner of the high-ksn zone is a 40 km reach of the Río Pilaya that 
drops ~1 km and displays the highest ksn values near 3500 m
0.9
 (3 in Figs. 7C and 8). It is 
unlikely that rock strength variations cause this knickpoint because lithologic effects are 
unlikely to create 1 km of relief (Whittaker et al., 2008) and it traverses both weak and 
strong Ordovician rocks. Existing balanced sections place ramps on basement faults as 
well as a duplex directly below this knickpoint (dashed box in Fig. 3; Kley et al., 1996; 
McQuarrie, 2002). Since ~40 Ma, there has been movement on various basement 
structures concentrated at this location. Continuing motion along the lower basement 
thrust since ~20-10 Ma is responsible for uplifting the easternmost EC via a ramp. 
Passive uplift of the IA results via emplacement of a basement wedge while transferring 
deformation from the basement into the SA thrust sheets (e.g., McQuarrie, 2002). The 
kinematics may be maintaining a long-lived west-to-east gradient in relative rock uplift 
rate at the easternmost EC, hence causing the knickpoint (see also Barke, 2004). Thus, 
the regional extent of the high-ksn zone and its lack of a correlation with mapped rock 
units, the low channel concavity, and the spatial correlation with active basement 
deformation suggest spatial variations in rock uplift rate may be influencing the regional-
scale ksn patterns in southern Bolivia. 
If the regional steepness patterns are the product of a long-lived uplift gradient, 
the Río Pilaya knickpoint should be a static feature (Whipple et al., in review). Transient 
knickpoints propagate more quickly along main stem rivers because of higher discharge 
relative to small tributaries (Foster and Kelsey, 2012). Thus, knickpoints migrating 
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through a channel network that are related to the same mechanism (e.g., differential rock 
uplift rate) occur at similar elevations (Niemann et al., 2001; Wobus et al., 2006a). If the 
large Río Pilaya knickpoint is transient, I expect to see tributary knickpoints at similar 
elevations. I analyzed S-A scaling for 6 tributaries downstream of the main knickpoint on 
the Río Pilaya to assess if it is a migrating or stationary feature. 
Half (3 of 6) of the Río Pilaya tributaries that link immediately downstream of the 
main knickpoint contain knickpoints themselves, but all at different elevations (Fig. 10). 
One of the knickpoints (river 6 in Fig. 10) is likely related to a rock unit change from 
Devonian sandstone to Cretaceous quartzite. Knickpoints on 2 tributaries are at ~2500 m 
and ~2200 m, respectively, whereas the Pilaya knickpoint is at ~2000 m. However, the 
other 3 tributaries have no knickpoints. Even if the 2 tributary knickpoint elevations 
roughly correlate with the main Pilaya knickpoint, I would still expect to see them on the 
other tributaries. I may expect lithologic variations to cause knickpoints to migrate at 
different rates, but many of the tributaries (rivers 2-5 in Fig. 10) flow only through 
Devonian rock, therefore it is unlikely that lithologic variations can explain a lack of 
knickpoints along rivers 2-5. In addition, the Devonian rock is strong (Table 1), so 
knickpoints should propagate upstream at a slower rate than they would in weaker rock, 
and thus they would be at lower elevations than the Pilaya knickpoint. Furthermore, these 
tributaries are close to the Pilaya knickpoint and hence precipitation patterns are similar 
along all of them. In conclusion, I argue that the main Pilaya knickpoint is stationary in 
nature and the result of long-lived differential rock uplift, consistent with prior work 
(Barke, 2004; Barke and Lamb, 2006). 
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Previous studies along the eastern margin of the Tibetan Plateau adjacent to the 
Sichuan Basin show similar ksn patterns to southern Bolivia. A sharp, linear 
physiographic transition in central Nepal at the location of the Main Central Thrust 
correlates with an abrupt increase in ksn values (Kirby and Ouimet, 2011; Kirby et al., 
2003). These patterns are attributed to duplex growth associated with accretion across a 
deep-seated fault ramp (Wobus et al., 2006c) or a surface breaking thrust fault (Kirby and 
Whipple, in review). I suggest the situation is similar in southern Bolivia. Therefore, the 
kinematics of basement deformation may play a key role in influencing steepness patterns 
of bedrock rivers traversing active orogens. 
 
Comparison to Northern Bolivian Andes 
I compare my results to the Upper Beni Basin in northern Bolivia to evaluate the 
influence of a dramatically enhanced rainfall gradient on ksn and θ patterns. The 
topographic front along the Upper Beni Basin coincides with a sharp precipitation 
gradient across the EC (Figs. 2 and 11; Masek et al., 1994) that may have existed since 
~15-11 Ma (Barnes et al., in press). Empirical results suggest a correlation between θ and 
high mean annual rainfall (Schlunegger et al., 2011; Zaprowski et al., 2005) and 
theoretical studies propose that increased precipitation along the front reduces ksn 
downstream (e.g., Roe et al., 2002; Whipple et al., 1999). Using a normalized 
contributing drainage area, downstream increases in discharge are largely the effect of 
increased precipitation, especially in the EC. Channel morphologies in the Upper Beni 
Basin show high-ksn profiles at low drainage areas, low ksn at high drainage areas (Fig. 
11A), and high concavity, particularly along the reaches directly affected by orographic 
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precipitation (Fig. 1D, see also Safran et al., 2005; Schlunegger et al., 2011). These 
characteristics may reflect a landscape that is also responding to tectonic perturbations, 
but the channel morphology signal of those perturbations is muted by the enhanced 
orographic precipitation in comparison to southern Bolivia. Instead, the northern rivers 
have enough discharge, and hence stream power (e.g., Horton, 1999; Whipple and 
Tucker, 1999), to sustain more uniformly graded profiles despite similar variations in 
thrust-belt architecture and rock uplift patterns that exist in the south (cf. Barnes et al., 
2008; McQuarrie et al., 2008a). This is not to say that knickpoints do not exist along the 
northern rivers (see Schlunegger et al., 2011), just that they are more modest features 
relative to those in the south (Fig. 11A). This idea is consistent with the Upper Beni 
Basin as a climatically driven landscape (Masek et al., 1994; Norton and Schlunegger, 
2011; Safran et al., 2005; Schlunegger et al., 2011). 
The northern Río Coroico exhibits larger  than any southern Bolivian trunk river 
(0.52 ± 0.03; Fig. 11A), suggesting orographic precipitation is altering river profiles in 
the north (Fig. 1D). Concavity systematically decreases to the south from the Upper Beni 
Basin, in concert with maximum mean annual precipitation rates (Fig. 11; Bookhagen 
and Strecker, 2008), despite minimal latitudinal variations in rock strength (e.g., 
McQuarrie and Davis, 2002; McQuarrie et al., 2008b). From north to south, the Río 
Grande ( = 0.32 ± 0.022), Río Pilcomayo ( = 0.19 ± 0.027), and Río Pilaya ( = 0.16 ± 
0.032) all show low concavity relative to typical mean values from other locations (Fig. 
11A; cf., Cyr et al., 2010; Duvall et al., 2004; Kirby and Whipple, 2001; Kirby et al., 
2003). Upper Beni Basin channels receive rainfall focused in the EC and reflect a 
response to surface uplift in upstream reaches (Safran et al., 2005; Schlunegger et al., 
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2011). A stream power model demonstrates that enhanced precipitation can increase 
incision, effectively reducing a river’s gradient downstream (e.g., Bookhagen and 
Strecker, 2012; Roe et al., 2002; Whipple et al., 1999). The Upper Beni Basin results are 
consistent with this model. Fold-thrust belt kinematics are similar along strike, therefore a 
regional knickpoint located in the south and a lack of such prominent knickpoints in the 
Upper Beni Basin suggest climate is an important factor influencing river profiles in the 
north. 
 
Channel Steepness Patterns in Orogens 
My results suggest 2 distinct scales of channel steepness patterns. At a local scale 
(<~10 km), knickpoints in bedrock rivers traversing fold-thrust belts may result from its 
structural architecture even in specific areas devoid of near-surface active tectonics. For 
example, in the active Santa Ynez Mountains in California, rock strength variations affect 
both concavity and ksn at local length scales (Duvall et al., 2004). Also, strength 
variations between massive quartzite and more highly fractured rocks in western Scotland 
have an effect on channel slope at the reach scale, but not as much on a catchment scale 
(Jansen et al., 2010). These studies demonstrate that my results in southern Bolivia are 
not unique, but in fact lithologic variations in an array of settings affect river morphology 
at similarly small, local length scales. 
At a regional scale (>~10 km), I observe channel steepness patterns that vary 
differently depending on whether tectonics or climate exerts the dominant influence. A 
systematic decrease in ksn patterns downstream is likely a result of enhanced orographic 
precipitation (Schlunegger et al., 2011). In contrast, nonsystematic changes in ksn patterns 
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downstream, such as the intermediate zone of high steepness in southern Bolivia, may be 
the result of tectonic processes. The southern margin of the Tibetan Plateau shows similar 
features to the tropical, northern Bolivian Andes, including a steep front with high peaks 
at a plateau edge and comparable precipitation patterns (Masek et al., 1994; Bookhagen 
and Burbank, 2006; Bookhagen and Strecker, 2008). One hypothesis is that the current 
topography of the northern Bolivian Andes and Himalayan front result from enhanced 
orographic precipitation (e.g., Masek et al., 1994). However, ksn patterns along the 
Himalayan front are inconsistent with those expected from enhanced orographic 
precipitation in the absence of differential rock uplift (Wobus et al., 2006c). Instead, the 
river profiles suggest a zone of differential rock uplift (Wobus et al., 2006c) similar to the 
rivers in southern Bolivia. This underscores the importance that subsurface tectonics may 
play in affecting the regional-scale form of river long profiles traversing active orogens. 
 CHAPTER 7 
SUMMARY AND CONCLUSIONS 
 
I analyzed bedrock river profiles to quantify channel steepness patterns across the 
semiarid southern Bolivian Andes. Field measurements show that the region is 
characterized by distinctive rock strength variations, determined by the fold-thrust belt 
architecture. Sixty-two percent of large (> ∆200 m0.9) knickpoints along the main stem 
rivers correlate with changes in major rock units, and hence strength. Fifty-two percent of 
all knickpoints correlate with a mapped fault, but only 14% are at a fault with no rock 
unit contact. I also found that 77% of the large knickpoints that I could classify as 1 of 2 
end-member morphologies (vertical step, slope break) are consistent with theory that 
relates form to cause (Haviv et al., 2010). I show for southern Bolivia, 5 of 6 slope-break 
knickpoints are caused by lithologic changes where the stronger rock is spatially 
extensive. The other knickpoint is above basement thrust ramps and duplexing on the Río 
Pilaya. Three vertical-step knickpoints are related to lithologic changes where the 
stronger unit is small in extent. Regional steepness (ksn) patterns display a steep zone that 
parallels strike across the entire IA region. This zone becomes steeper in the southern 
Pilcomayo Basin, reaching ksn near 3500 m
0.9
 at the Río Pilaya knickpoint. I attribute this 
high-ksn zone to movement along basement structures that have created long-lived, 
continued differential rock uplift. Finally, rivers in the northern Upper Beni Basin display 
high-ksn profiles near the headwaters, low ksn at high drainage areas, and high concavities 
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despite traversing similar thrust-belt architecture, but significantly enhanced orographic 
rainfall patterns. I suggest that increased precipitation in the north decreases channel 
steepness downstream and increases the concavity of the profile, tempering the signals of 
tectonic or lithologic variations so prevalent in the south. I conclude that river profile 
analyses can be used to distinguish between the primary factors controlling river 
morphology in the central Andes. These patterns can then be used to help decipher river 
patterns in other fold-thrust belts such as the Himalayan front. 
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Figure 1. Idealized river long profiles and 
their response to tectonic and climatic 
forcing. Long profile and slope-area data 
(insets) for: (A) two equilibrium profiles 
with different steepness indices and the 
same concavity (modified from Duvall et 
al., 2004), (B) a vertical-step knickpoint 
and (C) a slope-break knickpoint 
(modified from Whipple et al., in review). 
(D) Effect of focused orographic 
precipitation or differential rock uplift rate 
on channel long profiles (simplified from 
Norton & Schlunegger, 2011). Increased 
rainfall causes channels to increase their 
concavity. Differential rock uplift rate 
causes a convex up reach to form. Solid 
black line is initial profile form, dashed 
line is profile affected by enhanced 
precipitation or differential rock uplift rate 
(arrows).
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Figure 2. Bolivian Andes topography, thrust belt structure, hydrology, and climate. Major 
montane basins (solid black lines), trunk rivers (blue lines; after Barnes and Pelletier, 2006), 
and tectonomorphic zones (dashed white lines; modified from McQuarrie, 2002): EC, 
Eastern Cordillera; IA, Interandean zone; SA, Subandes. Rivers: 1, Río Coroico; 2, Río 
Grande; 3, Río Parapeti; 4, Río Pilcomayo; 5: Río Pilaya; 6: Río San Juan del Oro. Small 
white circles indicate data collection sites. Inset is mean annual rainfall estimated from 
1998-2006 TRMM data (Bookhagen and Strecker, 2008).
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Figure 3. Regional topography and structure of the thrust belt across southern Bolivia 
(location A-A’ in Fig. 2). (A) 100-km-wide swath profile of maximum, mean, and minimum 
elevations. (B) Geologic cross section showing the linked surface and basement deformation 
(simplified from McQuarrie, 2002). Geologic map legend is in Figure 8B. Tectonomorphic 
boundaries are the vertical, dashed lines. Black, dashed box is the location of the regional 
increased channel steepness above the basement thrust-sheet ramp discussed in the text.
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Figure 4. Rock strength proxy measurements for units exposed across southern Bolivia 
(Table 1). n = number of Schmidt hammer measurements. Mean R values (± 1σ) show a 
distinct ‘hard’ and ‘soft’ group (vertical dashed lines, shaded bar is ± 1 SE). Mean fracture 
spacing indicates rock units can be divided into three distinct groups. No error bars are 
shown for the Triassic fracture spacing because the estimate is qualitative.
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Shape of each marker represents the hardness dependent upon R value (Fig. 4) and marker 
shading represents the fracture spacing group (Fig. 4). The data show no correlation between 
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Figure 6. Example of vertical-step knickpoint on the Río Yurimata, a tributary to the Río 
Pilcomayo (location in Fig. 8B). (A) Photo of channel traversing from strong Cretaceous 
sandstone to weak Ordovician slaty shale (house for scale). Red indicates the high ksn reach, 
green the low ksn reaches. Mean bedload grain size is larger in the high ksn reach. (B) 
Slope-area plot for Río Yurimata. Red lines are best-fit regression (with θref = 0.45) used to 
calculate ksn. Dashed line is location of vertical-step knickpoint in A.
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Figure 7. Longitudinal profile (blue line), and ksn (grey line) vs. distance downstream for 
Ríos (A) Grande, (B) Pilcomayo, and (C) Pilaya. Colors above the profiles are rock units 
exposed at that location and match the geologic map in Fig. 8B. Dashed vertical lines 
indicate a transition in rock unit that is spatially aligned with knickpoint on river. Black 
arrows indicate knickpoints correctly identified as vertical step (arrows above profile) or 
slope break (arrows below profile). Pink=Ordovician; Purple=Silurian; Dark 
Brown=Devonian; Grey=Carboniferous and Triassic; Green=Cretaceous; Yellow=Tertiary 
sediments; Light Brown=Tertiary volcanics.
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Figure 9. Mean ksn for all southern Bolivian rivers within each rock unit. Vertical bars 
represent 1σ error. Large errors are present because of a very large range of ksn within each 
rock unit.
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Figure 10. Composite longitudinal profiles and profile reconstruction of the Río Pilaya and 
its tributaries. Longitudinal profiles of the Río Pilaya and 6 tributaries immediately down-
stream of the large knickpoint. Circles represent knickpoint locations on the profiles. Num-
bers represent the tributaries in numerical order from closest to farthest downstream of the 
main stem knickpoint.
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Figure 11. Bolivian Andes main stem long profiles, topography, channel steepness (ksn), and 
mean annual precipitation. (A) Major river long profiles (from SRTM 90 m DEM; Lehner et 
al., 2008) with mean concavity (θ) and ksn shown. Locations in Fig. 2. (B) Topography and 
channel steepness (ksn; n = 382 rivers). Note systematic decrease in ksn downstream across 
the northern Upper Beni basin compared to the south. Inset profiles are 50 km wide swaths of 
mean annual precipitation across the Upper Beni Basin and the southern basins from the data 
in Fig. 2 inset. Note the increased magnitude and focused peak rainfall in the Upper Beni 
relative to the south.
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APPENDIX 
LONGITUDINAL PROFILE ANALYSIS 
 
Past studies show that the 3 arc-second SRTM dataset is sufficient to characterize 
the channel profiles of large rivers (e.g., Kirby et al., 2003; Miller et al., 2012; Wobus et 
al., 2006a). To focus on long length-scale changes and to minimize DEM noise, I applied 
a 45-pixel streamwise moving average filter to the raw DEM data (after Kirby et al., 
2003). For the individual river analysis, I sampled at 10 m vertical intervals for channel 
slope and contributing drainage area (after Snyder et al., 2000). For comparison between 
streams and to eliminate the autocorrelation between ks and θ, I estimated a normalized 
steepness index (ksn) by fitting the data with a fixed reference concavity (θref) (e.g., 
Wobus et al., 2006a). Theoretically, θref is assigned the regional mean θ for all 
equilibrium bedrock channels (Wobus et al., 2006a). However, studies show results are 
insensitive to the choice of θref (Schoenbohm et al., 2004). For comparison with previous 
studies, I used θref = 0.45 (e.g., Cyr et al., 2010; Karlstrom et al., 2012; Ouimet et al., 
2009; Safran et al., 2005; Schoenbohm et al., 2004; Snyder et al., 2000). To analyze 
regional steepness patterns, I calculated mean ksn in a 0.5 km moving window along 252 
rivers in southern Bolivia (Fig. 8A) and 130 rivers in the Upper Beni River Basin (Fig. 
11B) (e.g., Cyr et al., 2010; Kirby and Whipple, 2001; Kirby et al., 2003; Snyder et al., 
2000; Wobus et al., 2006a). Knickpoints at tributary junctions are disregarded because 
large increases in contributing drainage area can alter ksn calculations.
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